The QTLs, qBFR4-1 and qBFR4-2 confer field resistance to rice blast. The genetic locus controlling the resistance was mapped in a long arm region on chromosome 4 in the upland rice variety Kahei. The relationship between the level of blast field resistance and putative alleles at the qBFR4-1 and qBFR4-2 loci was analyzed using RFLP markers C600 and G271 that are the closest to each of the QTLs and by a field test for blast resistance among Japanese upland rice varieties. As a result, the upland rice varieties were divided into six varietal groups. Three major putative RFLP alleles (C600-a, C600-b and C600-c) were postulated at the C600 locus based on their fragment length, and the mean scores for blast field resistance of varieties with each allele were 2.81, 2.20 and 0.69, respectively. The C600-b allele was the most frequently observed in the Japanese upland varieties (46 %). Two major putative RFLP alleles (G271-a and G271-b) were postulated based on their fragment length, and the mean score for the resistance of varieties with each allele was 2.37 and 1.68, respectively. The varieties with the allele C600-c were the most resistant and the varieties with the alleles C600-c and G271-b showed the highest level of blast field resistance (0.58). On the other hand, the varieties with the allele C600-a and G271-a represented by the lowland variety Nipponbare showed the lowest level (2.98). These results suggest that the two QTLs for blast field resistance harbor two to three major alleles and that the levels of field resistance in upland rice varieties of Japan can be mainly assessed by the RFLP alleles tightly linked to the QTLs on chromosome 4. The RFLP markers used in this study seemed to be suitable for DNA marker-assisted selection of blast field resistance in rice breeding.
Introduction
Rice blast, caused by the fungus Magnaporthe grisea, is the most devastating rice disease worldwide. For the genetic basis of host resistance to the blast fungus, two modes of resistance, complete and incomplete (field or partial) resistance, have been identified. The complete resistance prevents the reproduction of the fungus in case of incompatible genotypic combinations of host and pathogen, while the field resistance reduces the pathogen reproduction in spite of their compatible combinations. A field trial to control the blast disease using genes conferring complete resistance was not successful due to the emergence of compatible fungal strains (Kiyosawa 1982) . In contrast, field resistance is considered to be more durable when rice plants are exposed to new races of blast (Bonman 1992) . Breeding efforts have been made to use the field resistance that allows effective and durable control of blast under natural field conditions. Although many Japanese upland rice varieties do not harbor genes conferring effective complete resistance, they showed an extremely high level of field resistance against rice blast (Ezuka et al. 1969 , Toriyama 1980 . Therefore, they have been used to improve the blast field resistance of lowland rice. However, such breeding efforts have not led to the development of new resistant varieties. Genetic studies have suggested that the resistance was multigenic in the varieties Sensho (Higashi 1995 ), Rikuto Norinmochi 4 (Abe et al. 1974 , Maruyama et al. 1983 and Kuroka (Shinoda et al. 1971) . QTL analysis for blast field resistance has been conducted using Japanese upland rice varieties (Endo et al. 2001 , Fukuoka and Okuno 2001 , Miyamoto et al. 2001 , Zenbayashi et al. 2002 and an African upland rice variety . Endo et al. (2001) and Fukuoka and Okuno (2001) identified two loci with the most pronounced effect on chromosome 4 in the upland rice varieties Sensho and Owarihatamochi. Miyamoto et al. (2001) reported two major QTLs on chromosome 4 in the upland variety Kahei, corresponding to those detected in Sensho and Owarihatamochi, but the most effective locus was different between the varieties. On the other hand, no QTL for partial resistance was identified on chromosome 4 in the African upland rice variety Moroberekan . These results suggested that the QTLs on chromosome 4 of each variety mainly control different levels of blast field resistance among Japanese upland rice varieties, and that the most effective locus was different between Sensho, Owarihatamochi Communicated by K. Harada Received February 27, 2002 . Accepted September 27, 2002 and Kahei.
In this study we report the relationship between RFLP markers in the vicinity of blast field resistance genes and the levels of field resistance to blast among Japanese upland rice varieties. Sorrells and Wilson (1997) mentioned that the classification of sequence variants at a target locus leads to the identification of superior alleles. In this case, the LOD peaks of the major QTLs identified in the previous reports (Fukuoka and Okuno 2001, Miyamoto et al. 2001) were so prominent that they were almost likely to correspond to genes conferring complete resistance and the QTLs were tightly linked to the DNA markers. Hence, simple RFLP analysis for linked DNA markers was considered to be sufficient for postulating the genotypes of the genes responsible for QTLs. The identified putative alleles of RFLP markers linked to the locus conferring the largest level of resistance should be effectively employed to transfer a suitable level of field resistance to the leading upland and lowland rice varieties.
Materials and Methods

Plant materials
One hundred and fifty eight Japanese upland rice varieties, which have been maintained at the Plant Biotechnology Institute, IBARAKI Agricultural Center, were used for the RFLP analysis and test for blast field resistance. These varieties were completely random for blast field resistance. A lowland variety, Nipponbare was also added as the control in this study. All these varieties were grown in the experimental paddy field at the Agricultural Research Institute, IBARAKI Agricultural Center (Mito, Ibaraki Pref.) in 2000.
DNA extraction and Southern hybridization
Total genomic DNA was extracted from fresh leaves at the heading period by the CTAB method according to Murray and Thompson (1980) . We examined the polymorphism between the differential varieties Sensho and Kahei. DNA from both varieties was completely digested with eight restriction enzymes, electrophoresed in 0.8 % agarose gel and transferred onto a positively charged nylon membrane (Boehringer Mannheim) (Kurata et al. 1994) . Labeling of probes, hybridization and detection were carried out using an ECL direct nucleic acid labeling and detection system (Amersham International plc.) according to the manufacturer's instructions. We used two RFLP markers C600 and G271 (Kurata et al. 1994 ) tightly linked to qBFR4-1 and qBFR4-2, respectively (Miyamoto et al. 2001) . According to the preliminary analysis, Hind III was selected to digest DNA from all the varieties, because the G271 locus was not polymorphic, whereas the C600 locus was polymorphic between both differential varieties when Hind III was used.
Evaluation of blast field resistance
Blast field resistance was evaluated in the summer of 2001 in the experimental upland field by the same procedure as that described by Miyamoto et al. (2001) . All the varieties were grown in upland nursery beds with two replications. Plants were assessed for blast severity by observation based on the scores 0-5 (0 = no disease symptoms or few small lesions; 1 = a few small lesions or few susceptible lesions; 2 = several small lesions or a few susceptible lesions; 3 = many susceptible lesions or few dead leaves; 4 = several dead leaves; 5 = all leaves and stems dead) (Okutsu et al. 1984) .
Statistical analysis
Statistical analysis was performed by multiple comparison analysis using the Microsoft EXCEL and statistical software Statcel (Yanai 1998) . Differences in the mean values between two allele combinations, C600 and G271, were tested.
Results
Degree of blast field resistance among Japanese upland rice varieties
There were large and significant differences in the degree of blast field resistance among the Japanese upland rice varieties (Fig. 1) . The frequency distribution was continuous and the scores ranged from 0 to 4.5. Kahei and Sensho used as differential varieties in this study, differed significantly from each other, scoring 0.5 and 3.5, respectively.
Variation in RFLPs in the vicinity of QTLs related to the blast field resistance
The RFLP marker locus G271 tightly linked to qBFR4-2 displayed a single locus variation. Southern hybridization patterns of almost all the varieties converged into two major genotypes that were designated as G271-a and G271-b based on their fragment length (Fig. 2) . Eighty-five upland rice varieties (54 %) and Nipponbare harbored the allele G271-a. The allele G271-b was present in Sensho, Kahei and 70 varieties (46 %) used. The variety Sankanka showed a unique length of the fragment that differed from that of G271-a and G271-b (data not shown). The C600 locus tightly linked to qBFR4-1 displayed clear differences among the varieties used in this study. Three RFLP fingerprints were detected and two to three bands were observed (Fig. 2) . The lowland rice variety Nipponbare showed a fingerprint with three fragments (C600-a) and 50 varieties (32 %) were identical with this fingerprint. Sensho showed a three-band pattern (C600-b), differing from that of Nipponbare, and 72 varieties (46 %) were identical with this fingerprint. Kahei showed a twoband pattern (C600-c) and 35 varieties (22 %) were identical with this fingerprint. Sankanka had a unique fingerprint also at this locus (data not shown). No other varieties were identical with Sankanka.
Relationship of patterns of RFLP with the degree of blast field resistance
The relationship between RFLPs and the mean scores of blast field resistance was evaluated (Table 1 ). The mean score of blast field resistance in the varieties that harbored G271-a was 2.37, while it was 1.68 in the varieties harboring G271-b and the difference in scores between these two differed at a 0.1 % level of significance (F-value = 21.44, p = 7.67 × 10 −6 ). In the case of the locus C600, the mean scores of the blast field resistance of the varieties that harbored C600-a, C600-b, C600-c were 2.81, 2.20 and 0.69, respectively. The scores of the three groups differed at a 0.1 % level of significance (F-value = 134.05, p = 1.92 × 10 −32 ). The varieties with C600-c were the most resistant among the varietal groups differing in the alleles at the two loci. The most resistant varietal group harbored C600-c and G271-b, with a mean score of 0.58 and the frequency distribution of the varieties with these alleles ranged from 0 to 1.0 (Fig. 1) . The score of the second resistant varietal group (C600-c and G271-a) was 0.78 without statistical difference from that of the most resistant one ( Table 2 ). The most susceptible group harbored C600-a and G271-a and had a score of 2.98, and the degree of blast field resistance of the varieties with these alleles ranged from 2.5 to 4.5 (Fig. 1) . The difference in the scores between the most resistant and susceptible combinations was 2.40 at a 0.1 % level of significance (Table 2) .
Discussion
Many upland rice varieties show higher levels of blast field resistance than lowland ones. Although upland rice varieties are useful gene sources for enhancing the blast field resistance of rice germplasm, their use has been limited for lowland rice breeding in Japan, because of the undesirable characters transferred from upland rice varieties to desirable lowland rice varieties in addition to the resistance (Morimoto 1980) . In these breeding aspects, Sensho with a moderate level of resistance (Abe et al. 1976 ) has been predominantly used as a donor for the resistance, but its degree of resistance was relatively low with the score of 3.5 in this study.
To better understand the effect of the alleles at the two loci in the Japanese upland rice varieties, we analyzed the genetic polymorphism resolved by two RFLP markers located in the vicinity of the QTLs associated with blast field resistance among the Japanese upland rice varieties and an effective combination of alleles was identified. As a result of the RFLP analysis, Japanese upland rice varieties were divided into six variety groups except for one variety Sankanka. The C600 locus tightly linked to qBFR4-1 was present in three different variety groups. The average scores of blast field resistance in each group were statistically different, suggesting that the C600 locus should be genetically close enough to estimate the effect of the genes responsible for the QTLs, so that the different fingerprints at the C600 locus would show an obvious difference in the degree of blast field resistance. This assumption was also verified for the RFLP marker G271 linked to qBFR4-2. Moreover, the results suggested that each chromosome region which contained QTLs and DNA markers should have a common origin and simple RFLP analysis using tightly linked DNA markers should be sufficient to identify the genotypes of the genes responsible for QTLs. Endo et al. (2001) detected two QTLs on chromosome 4 in the upland rice variety Sensho. In the report of Endo et al. (2001) , the most effective QTL was linked to the RFLP marker locus G271, followed by that linked to G177, L116 and G197 which were 2~3 cM apart from C600 (Kurata et al. 1994) . These results indicated that the use of the RFLP markers G271 and C600 was suitable for the analysis of the upland rice variety Sensho. In addition, Shinoda et al. (1971) reported the putative chromosomal location of genes for blast field resistance in the upland rice variety Kuroka. They concluded that more than 3 genes on chromosome 4 and 12 (unified numbering system) were related to this resistance. In our results, since the allele combination of Kuroka was C600-c and G271-a, the main locus responsible for blast field resistance in Kuroka appeared to be qBFR4-1 which is tightly linked to C600-c. These results suggest that the detection of the alleles at the C600 and G271 loci was suitable for the estimation of blast field resistance in upland rice varieties. In other words, the degree of blast field resistance for upland rice varieties can be estimated by analyzing these two RFLP loci precisely. The allele combination C600-c and G271-b represented by the variety Kahei was the most effective for blast field resistance. In a previous report, QTL analysis for blast field resistance of the upland variety Kahei was conducted (Miyamoto et al. 2001) . Near-isogenic lines carrying single loci for blast field resistance in Kahei are being developed.
The genetic diversity of the blast field resistance enhances the practical value of genetic resources as a gene pool. The variety Sankanka with the extremely high level of blast field resistance (the mean score was 0.0) should be noted. Taking the results of variety analysis into account, Sankanka which showed a unique fragment size of two RFLP loci is expected to harbor different genes for each QTL as well. The genes at the qBFR4-1 and qBFR4-2 loci in Sankanka seem to be new sources of blast field resistance available for breeding because the identification of superior alleles at single loci may enable to breed a multiline. Fine QTL mapping of blast field resistance using a population derived from a cross between the upland rice Sankanka and lowland rice variety Koshihikari is under way.
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